The method for calculation of valence quark distributions at intermediate x is presented. The imaginary part of the virtual photon forward scattering amplitude on the quark current with meson quantum number is considered. Initial and final virtualities p 2 1 and p 2 2 of the currents are assumed to be large, negative and different, p 2 1 = p 2 2 . The operator product expansion (OPE) in p 2 1 , p 2 2 up to dimension 6 operators is performed. Double dispersion representations in p 2 1 , p 2 2 of the amplitude in terms of physical states contributions are used. Equalling them to those calculated in QCD by OPE the desired sum rules for quark distributions in mesons are found. The double Borel transformations are applied to the sum rules, killing non-diagonal transition terms, which deteriorated the accuracy in the previous calculations of quark distributions in nucleon. Leading order perturbative corrections are accounted. Valence quark distributions in pion, longitudinally and transversally polarized ρ-mesons are calculated at intermediate x, 0.2 < ∼ x < ∼ 0.7 and normalization points Q 2 = 2 − 4GeV 2 with no fitting parameters. The use of the Regge behaviour at small x and quark counting rules at large x allows one to find the first and the second moments of valence quark distributions. The obtained quark distributions may be used as an input for evolution equations. In the case of pion the quark distribution is in agreement with those found from the data on the Drell-Yan process.
Introduction
Quark and gluon distributions in hadrons are not calculated in QCD starting from the first principles. What is only possible is to calculate their evolution with Q 2 . In the case of nucleon the standard way is the following. At some fixed Q 2 = Q 2 0 the form of quark and gluon distributions , characterized by the number of free parameters is assumed. Then the evolution of distributions with Q 2 is calculated and after comparing with the data of the deep inelastic lepton-nucleon scattering the best fit for these parameters is found. (About dozen of the parameters is used, see, e.g. the recent papers [1] - [4] ). Quark and gluon distributions in pions are determined in a similar way from the data on production of e + e − and µ + µ − pairs in pion-nucleon collisions [5, 6] and [7] (the Drell-Yan process and prompt photons ). But here one needs an additional hypothesis about connection of the fragmentation function at time-like Q 2 , which is measured in the Drell-Yan processes, with parton distributions defined at space-like Q 2 . For other mesons and baryons, as well as for unmeasured up to now distributions in polarized nucleon (like h 1 (x)) we have no information about parton distributions from experiment and have to rely on models. The QCD calculation of quark and gluon distributions in hadrons, which could be used as an input in evolution equations may be considered as a challenge for the theory.
The method of valence quark distributions calculation at intermediate x was suggested in [8] and developed in [9] - [11] . The idea was to consider the imaginary part (in s-channel) of 4-point correlator, corresponding to the forward scattering of two-quark currents, one of which has the quantum numbers of hadron of interest and the other is electromagnetic (or weak). It was supposed that virtualities of the photon and hadronic current q 2 and p 2 are large and negative |q 2 | |p
, where R c is the confinement radius (q is the momentum of virtual photon, p is the momentum, carried by hadronic current). It was shown [9] , that in this case the imaginary part in s channel [s = (p + q) 2 ] of the forward scattering amplitude is dominated by small distance contributions at intermediate x. (The standard notation is used: x is the Bjorken scaling variable , x = −q 2 /2ν, ν = pq). The proof of this statement, given in [9] , is based on the fact that for the imaginary part of the forward scattering amplitude the position of the closest to zero singularity in momentum transfer is determined by the boundary of the Mandelstam spectral function and is given by the equation
Therefore, if |p 2 | is large and x is not small, then even at t = 0 (the forward amplitude) the virtualities of intermediate states in t-channel are large enough for OPE to be applicable. The further procedure is common for the QCD sum rules. On one side, the amplitude is calculated by OPE with the account of condensates. On the other side, the dispersion representation in p 2 in terms of physical states is written for the same amplitude and the contribution of the lowest state is extracted by using the Borel transformation. As follows from (1), the approach is invalid at small x. (Since in real calculations −p 2 are of order 1 − 2GeV 2 , small x means in fact x < ∼ 0.1 − 0.2). This statement is evident apriori, because at small x Regge behaviour is expected, which cannot be described in the framework of OPE. The approach is also invalid at x close to 1. This is the domain of resonances, also outside the scope of OPE. The fact that this method of calculation of quark distributions in hadrons is invalid at x 1 and at 1 − x 1 follows from the theory itself: the OPE diverges in these two domains. Therefore, calculating higher order terms of OPE makes it possible to estimate up to which numerical values of x, in the small and large x domain, the theory is reliable in each particular case. In the way described above, valence quark distributions in nucleon [9, 11] were calculated. However, the accuracy of the calculation was not good enough, especially for d-quarks [9] . Moreover, it was found to be impossible to calculate quark distributions in π-and ρ-mesons in this way. The reason is that the sum rules in the form used in [9, 11] have a serious drawback. (The calculation of the photon structure function [10] is a special case and has no such problem). The origin of this drawback comes from the fact that in the case of 4-point function, which corresponds to the forward scattering amplitude with equal inital and final hadron momenta, the Borel transformation does not provide suppression of all excited state contributions: the non-diagonal matrix elements, like
are not suppressed in comparison with the matrix element of interest
proportional to the hadron h structure function. (Here h is the hadron which structure function we would like to calculate, h * is the excited state with the same quantum numbers as h, j h is the quark current with quantum numbers of hadron h, j el is the electromagnetic current). In order to kill the background matrix elements (2) it was necessary to differentiate the sum rule over the Borel parameter. But, as is well known, differentiation of an approximate relation may seriously deteriorate the accuracy of the results. In QCD sum rules such differentiation increases contributions of higher order terms of OPE and excited states in physical spectrum, the sum rules become much worse or even fail (as for π and ρ-mesons). For pion the situation is especially bad, because direct calculation show, that the leading term in OPE (the bare loop diagram) corresponds just to the non-diagonal matrix element, not to the pion structure function.
In ref.
11 it was suggested the modified method of calculation of the hadron structure functions (quark distributions in hadrons), where this problem is eliminated and valence quark distributions in pion were calculated. This method is used here for calculation of valence quark distributions in ρ-meson, separately for longitudinally and transversally (relative to the virtual photon beam) polarized ρ-mesons. Since quark distributions in ρ-meson cannot be measured experimentally, the common way to get them is to assume SU(6) symmetry, where π-and ρ-mesons belong to the same multiplet. Then quark distributions in ρ-meson are equal to that in pion and are independent on ρ polarization. On the other side, the pion play a specific role in the theory -it is a Goldstone boson. From this point of view it has nothing in common with ρ-meson and there are no reasons to expect, that quark distributions in π and ρ are equal. This problem will be resolved and it will be shown, that valence quark distributions in pion and longitudinally polarized ρ-meson are similar, but quark distribution in transversally polarized ρ-meson is quite different.
For reader convenience we present first shortly the method of [12] and the results for quark distributions in pion. Then valence quark distributions in longitudinal and transverse ρ mesons are calculated. The valence quark distributions are reliably calculated in the domain of intermediate
The use of the Regge behaviour at small x and quark counting rules at large x allows one to find the first and the second moments of quark distributions.
The method
Consider the non-forward 4-point correlator:
Here p 1 
The second and the third terms in the right-hand side (rhs) of (6) may be considered as subtraction terms to the last one -the properly double spectral representation. The first term in the rhs of (6) is the subtraction term to the second and third ones. Therefore, (6) has the general form of the double spectral representation with one subtraction in both variables -p . This transformation kills three first terms in rhs of (6) and we have
The integration region over u 1 , u 2 may be divided into 4 areas ( Fig.1 ):
Using the standard QCD sum rule model of hadronic spectrum and the hypothesis of quark-hadron duality, i.e. the model with one lower resonance plus continuum, one may clearly see, that area I corresponds to resonance contribution. Spectral density in this area can be written as
where g h is defined as
(For simplicity we consider the case of the Lorenz scalar hadronic current. The necessary modifications for cases of π and ρ-mesons will be presented below). If in ImΠ(p 1 , p 2 , q, q ) the structure, proportional to
is the structure function depending on the Bjorken scaling variable x and weakly on Q 2 = −q 2 . In area (IV), where both variables u 1,2 are far from resonance region, the non-perturbative effects may be neglected, and as usual in sum rules, the spectral function of hadron state is described by the bare loop spectral function ρ 0 in the same region
In areas (II),(III) one of the variables is far from the resonance region, but other is in the resonance region, and the spectral function in this region is some unknown function ρ = ψ(u 1 , u 2 , x), which corresponds to transitions like h → continuum as shown in Fig.2 . After double Borel transformation the physical side of the sum rule can be written as (M 
In what follows we put M
(As was shown in [13] , the values of Borel parameters M One of advantages of this method is that after double Borel transformation unknown contribution of (II), (III) areas [the second and third term in (11) ] are exponentially suppressed. Using duality arguments, we estimate the contribution of all non-resonancee region (i.e. areas II, III, IV) as a contribution of bare loop in the same region and demand their value to be small (less than 30%). So, equating physical and QCD representation of Π and taking into account cancellation of appropriate parts in the left and right sides, one can write the following sum rules:
, and, as a consequence, the second and third terms in (11) are zero in our model of hadronic spectrum. It is worth mentioning that if we would consider the forward scattering amplitude from the beginning, put p 1 = p 2 = p and perform Borel transformation in p 2 , then unlike (11), the contributions of the second and third terms in (6) would not be suppressed comparing with the interesting for us lowest resonance contribution. They just correspond to the non-diagonal transition matrix elements discussed in the Introduction and are proportional to
From decomposition
it is clear that in this case (13) may contribute to the second (or third) term in (6) and after Borel transformation the contribution of the second term in (14) has the same Borel exponent e −m 2 h /M 2 as the lowest resonance contribution. The only difference is in pre-exponent factors: they are 1/M 2 in front of the resonance term and Const. in front of non-diagonal terms. This difference was used in order to get rid of non-diagonal terms: application of
h /M 2 to the sum rule kills the Borel non-suppressed nondiagonal terms, but deteriorates the accuracy and shrinks the applicability domain of the sum rule (particularly, the domain in x, where the sum rule is valid).
Show now that in the used here model of hadronic spectrum-resonance plus continuum, where continuum is given by the bare loop contribution, the second and third terms in (11) are in fact zero. Consider the bare loop represented by the diagram of Fig.3 . For simplicity restric ourselves by the case when all propagators are bosonic and all currents are scalar. (In the realistic case with quarks in internal lines conclusion will be the same). The imaginary part in s-channel of Fig.3 diagram is given by (quark masses are neglected):
Neglecting the higher twist terms ∼ p 2 1,2 /q 2 (15) is equal to (see [12] , Appendix)
where ν = qP and x = −q 2 /2ν. To derive (16) it is convenient to introduce
and in the Lorenz system, where 4-vector P has only z-component and q 1 -only time and z-components
⊥ is of higher twist and may be neglected. As follows from (16) , in case of bare loop of Fig.3 the spectral function is proportional to δ(u 1 − u 2 ) and the contributions of areas II, III in Fig.1 are zero. Since one may expect, that more complicated diagrams are smaller and in any case their contributions in domains II, III are suppressed by Borel exponents, one may safely neglect them, as was done in (11).
Quark distributions in pion
It is enough to find the distribution of valence u-quark in π + , sinced(x) = u(x). The most suitable hadronic current in this case is the axial current
In order to find the u-quark distribution the electromagnetic current is chosen as u-quark current with the unit charge
The bare loop Fig.3 contribution is given by
The tensor structure, chosen to construct the sum rule is a structure proportional to
The reasons are the following. As is known, the results of the QCD sum rules calculations are more reliable, if invariant amplitude at kinematical structure with maximal dimension is used. Different p 1 = p 2 are important for us only in denominators, where they allow one to separate the terms in dispersion relations. In numerators one may restrict oneself to consideration of terms proportional to 4-vector P µ and ignore the terms ∼ r µ . Then the factor P µ P ν provides the contribution of F 2 (x) structure function and the factor P λ P σ corresponds to contribution of spin zero states. (The factor 1/ν is scaling factor :
Let us use the notation
Then ImΠ(p
2 , x) can be calculated from (21) (eq.'s (15), (16) are exploited) and the result is [12] :
The matrix element of the axial current between vacuum and pion state is well known
where f π = 131MeV . The use of (12), (23), (24) gives the sum rule for valence u-quark distribution in pion in the bare loop approximation [12] : 
and the other, proportional to four-quark operators 0|ψΓψ ·ψΓψ|0
It was shown in [12] that terms of the first type cancel in the sum rule and only terms of the second type survive. For the latter one may use the factorization hypothesis which reduces all the terms of this type to the square of quark condensate. A remark is in order here. As was mentioneed in the Introduction, the present approach is invalid at small and large x. No-loop 4-quark condensate contributions, like Fig.4 , are proportional to δ(1 − x) and being outside of the applicability domain of the approach, cannot be accounted. In the same way, the diagrams, which can be considered as a radiative corrections to those, proportional to δ(1 − x), must be also omitted.
All dimension-6 power corrections to the sum rule were calculated in ref.11 and the final result is given by (the pion mass is neglected):
where ω(x) is 4-order polynomial in x, [12] . The continuum threshold was varied in the interval 0.8 < s 0 < 1.2GeV 2 and it was found, that the results only slightly depend on it. The analysis of the sum rule (28) shows, that it is fulfilled in the region 0.15 < x < 0.7; the power corrections are less than 30% and the continuum contribution is small (< 25%). The stability in the Borel mass parameter M 2 dependence in the region 0.4GeV 2 < M 2 < 0.6GeV 2 is good. The result of our calculation of valence distribution in pion xu π (x, Q 2 0 ) is shown in Fig.5 .
2 according to quark counting rules. Then, matching these functions with (28), one may find the numerical values of the first and second moments of u-quark distribution
(In the parenthesis we give the values, corresponding to u π (x) ∼ 1 − x behaviour at large x.) The results only slightly depend on the points of matching (not more than 5%, when the lower matching point is varied in the region 0.15 -0.2 and the upper one in the region 0.65 -0.75). M 1 has the meaning of the number of u-quarks in π + and should be M = 1. The deviation of (31) from 1 characterizes the accuracy of our calculation. M 2 has the meaning of the part of pion momentum carried by valence u-quark. Therefore, valence u andd quarks are carrying about 40% of the total momentum. In Fig.5 we plot also the valence u-quark distribution found in [6] by fitting the data on production of µ + µ − and e + e − pairs in pionnucleon collisions (Drell-Yan process). Comparing with the found here distribution it must be taken in mind, that the accuracy of our curve is of order of 10−20%, the last number refers to the border of the applicability domain. U-quark distribution found from the data on the Drell-Yan process is also not free from uncertainties. Particularly, what is measured in the Drell-Yan process is the quark fragmentation function into pion defined at q 2 > 0. In order to get quark distribution in pion defined at q 2 < 0, the procedure of analytical continuation is used, which may introduce some uncertainties, especially, at low normalization point, like Q 2 0 = 2GeV 2 , to which the data in Fig.5 and in the domain of small x refer. For all these reasons we consider the agreement of two curves as good. The calculation of valence u-quark distribution in pion in the instanton model was done recently [14] . At intermediate x the values of xu π (x) found in [14] , are about 20% higher, in comparison with ours. Recently also the pions valence quark momentum distribution using a Dyson-Schwinger equation model was found in [15] . Estimations show, taht our results are in reasonable agreement with results of [15] . 1 There was a misprint in the corresponding equation in [12] (eq.40 of [12] ): instead of α s (M 2 ) in the last term was α s (Q 2 0 ). In numerical calculations the correct value α s (M 2 ) was taken.
Quark distributions in ρ-meson
Let us calculate valence u-quarks distribution in ρ + -meson (ρ -width is neglected). The choice of hadronic current is evident
The matrix element ρ
where m ρ is the ρ-meson mass, g ρ is the ρ − γ coupling constant, g 2 ρ /4π = 1.27, e µ is the ρ-meson polarization vector. Consider the coordinate system, where the collision of ρ-meson with momentum p and virtual photon with momentum q proceeds along z-axes. The averaging over ρ polarizations is given by the formulae:
2. Transversally polarized ρ:
The imaginary part of the forward ρ − γ scattering amplitude W µνλσ (before multiplication by ρ-polarizations) satisfies the equations:
, which follows from current conservation. (The indeces µ, ν refer to initial and final photon; λ, σ -to initial and final ρ.) The general form of W µνλσ is:
where A,B,C,D are invariant functions. Average (37) over polarizations for longitudinal and transverse ρ-mesons. We have
From comparison of (37) and (38), (39) 
where the currents j el µ (x) and j ρ λ (x) are given by (20) and (33). It is evident from the said above, that in the non-forward amplitude for determination of u-quark distribution in longitudinal ρ-meson the most suitable tensor structure is that, proportional to P µ P ν P σ P λ , while u-quark distribution in transverse ρ can be found by considering the invariant function at the structure −P µ P ν δ λσ (P is given by (17)).
Calculate first the bare loop contribution (diagram of Fig.3 ). In case of longitudinal ρ-meson the tensor structure, which is separated is the same, as in the case of pion. Since at m q = 0 bare loop contributions for vector and axial hadronic currents are equal, the only difference from the pion case is in the normalization. It can be shown, that u-quark distribution in longitudinal ρ-meson can be found from (25) 
The calculation of g 2 ρ performed in the same approximation in [16] leads to
(the definition of g ρ used here differs from that in [16] by a factor 1/ √ 2). The substitution of (42) 
and we have
as it should be. Also,
is in correspondence with naive quark model, where u-quarks are carrying one half of total momentum. The calculation of the term, proportional to the structure P µ P ν δ λσ in the diagram of Fig.3 gives
After borelization we get for u-quark distribution in transversally polarized ρ-meson in bare loop approximation
where 
U-quark distribution (49) has the expected properties: for the point where we calculate our sum rules. The result is (the second term in square brackets corresponds to the perturbative correction):
and
where
Turn now to consideration of power correction contribution to the sum rules. The power correction of lower dimension is proportional to the gluon condensate G q µν G q µν with d = 4. As was discussed above, only s-shannel diagrams (Fig.1a) exist in the case of double borelization. The G q µν G q µν correction was calculated in a standard way in the Fock-Schwinger gauge x µ A µ = 0 [17] .
The quark propagator iS(x, y) = ψ(x)ψ(y) in the external field A µ has the well-known form [13, 9, 18] . In the π-meson case the sum of all diagrams, corresponding to G a µν G a µν corrections (Fig.6) , was found to be zero after double borelization [12] . For ρ-meson, however, 
All diagrams here and in what follows are calculated using a program for analytical calculations REDUCE. Before we discuss d = 6 contribution, let us remind, that we should not take into account non-loop diagrams and diagrams, which can be treated as their evolution (for example see Fig.7 ). There is a large number of loop diagrams for d = 6 correction. It is convenient to divide them into two types and discuss these types separately: Type I-diagrams where only interaction with the external gluon field is taken into accountsee Fig.8,9 . Type II -diagrams, where expansion of quark field is also accounted (∇-covariant derivate)
An example of such diagrams are shown in Fig.10,11 . Discuss briefly the special features of calculation of this two types of diagrams. The diagram of type I (Fig.8) are, obviously,
ρσ | 0 and when calculating it is convenient to use the representation of this tensor structure suggested in [19] 
The diagrams of Fig.9 are proportional to 0
Using the equation of motion it was found in [19] that
For diagrams in Fig.11 we use the following expansion of the gluon propagator:
This expression can be found by the method of the calculation of the gluon propagator in the external vacuum gluon field suggested in [17] (see also [18, 22] ). The total number of d = 6 diagrams is enormous -about 500. Collecting the results together we get finally the following sum rules for u
where a and ω(x) are given by (29), (30). A remark here is in order. In (65) (as well in (28)) the strong coupling constant g s is generated in the diagrams in two ways: 1) due to explicit quark-gluon interaction (vertices of a hard gluon line in the diagrams in Figs.10 and 11 , or vertices of external gluon in the diagrams in Figs.8 and 9 ), and it is reasonable to take it at the renormalization point µ 2 = M 2 ; 2) due to the equation of motion, and its normalization point should be taken in such a way that the quantity α s 0 |ψψ | 0 Fig.12 . One can see that it is weak in the whole range of x, except x ≤ 0.1 and x ≥ 0.75. As discussed in the Introduction the reason of a more strong M 2 -dependence at small and large x is connected with the fact, that our approach is invalid at small x and x, close to 1. It is manifested by the blow up of dimension 6 correction at x → 0 and x → 1 in eq.(65). So, the applicability domain of the sum rule can be found from the sum rule itself. Valence u-quark distribution in transversally polarized ρ-meson is given by
Unlike the cases of u π (x) and u 2 at large x. The matching points were chosen as x = 0.10 at low x and x = 0.80 at large x. The numerical values of moments for longitudinally polarized ρ are
The values of momenta, obtained by assuming that u(x) ∼ (1 − x) at large x are given in the parenthesis. Reliable calculation of moments in the case of transversally polarized ρ-meson is impossible, because of a narrow applicability domain in x and the form of u-quark distribution - Fig.15 , which does not allow soft matching with expected behaviour xu (Fig.15) , nevertheless, that it is impossible to calculate a precise number. Therefore, pion and transverse ρ-mesons in this aspect behave like a nucleon, where about 50% of total momentum is carried by gluons and sea quarks. In longitudinal ρ the situation is different -only about 20% of momentum is left for gluons and sea quarks. It must be mentioned, that in case of transverse ρ the accuracy of our results are worse than for longitudinal ρ, because the contribution of higher order terms of OPE is larger and the applicability domain in x is narrower. This fact, however, does not change the qualitative conclusion formulated above. Now let us discuss the nonpolarizied ρ-meson case. It is clear that quark distribution function u(x) in this case can be expressed as
and we can determine u(x) only in region, where sum rules both for u L ρ (x) and u T ρ are fulfiled, i.e. 0.2 < ∼ x ≤ 0.6. In this region u ρ (x) found to be very close to u π (x) (difference almost in whole range is no more 10-15%).
Summary and discussion
Let us first discuss the accuracy of our results. In case of u-quark distribution in pion the main uncertainty comes from the magnitude of α s 0 |ψψ | 0 2 . For renorminvariant quantity (2π) 4 α s |ψψ | 0 2 in our calculations we took the value 0.13 Gev 6 . In fact, however, it is uncertain by a factor of 2. (Recent determination [24] of this quantity indicates that it may be two times larger). Also the perturbative corrections introduce some uncertainties, especially at large x, (x > 0.6) where the accounted LO correction is large. (E.g. instead of Λ QCD = 200 MeV the value Λ QCD = 250 MeV could be taken). The estimation of both effects shows, that they may result in 10-15% variation of xu π (x) -increasing at x < 0.3 and decreasing at x > 0.3.
In case of u-quark distribution in longitudinally polarized ρ-meson the uncertainties in The main physical conclusion is: though quark distribution in non-polarized ρ-meson are close to those in π-meson, but polarization effect found to be very significant for inner structure of ρ-meson. 
